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We evaluate the transient response of an optically tunable meta-atom composed of an electric
inductor-capacitor resonator that is loaded with a piece of high-resistivity silicon and perform a
proof-of-concept experiment to demonstrate the storage and release of electromagnetic waves us-
ing this meta-atom in the microwave region. The transient time of the meta-atom immediately
after commencing laser light illumination of the silicon in the meta-atom is found to be inversely
proportional to the incident laser power. The transmittance of the meta-atom at the resonance
frequency increases to ten times that obtained without laser illumination at 5.2 ns after the start
of laser illumination for a laser power of 1600mW, a laser spot size of 2mm × 1mm, and a laser
wavelength of 447 nm. In contrast, the transient time after turning the laser light off is dependent
on the carrier lifetime of silicon and is measured to be several tens of µs. Based on the results of
evaluation of the transient response of the meta-atom, we propose a method for the storage and
release of electromagnetic waves using a Fabry-Perot resonator that includes the meta-atom as one
of its mirrors. The electromagnetic wave that is stored in the Fabry-Perot resonator for a few tens
of ns is then successfully released by illuminating the silicon in the meta-atom with the laser light.
It is also possible to use this method in the higher frequency region because metamaterials with
semiconductor elements can even be used as active metamaterials in the optical region as long as
their bandgap energy is higher than the signal photon energy.
I. INTRODUCTION
Various studies of the active manipulation of electro-
magnetic waves using metamaterials have been under-
taken to date. Active metamaterials can be fabricated by
simply introducing active elements such as pn junctions,
graphene, liquid crystals, semiconductors, phase transi-
tion materials, movable components, and nonlinear ma-
terials into the metamaterial structures1. To date, using
active metamaterials, processes such as amplitude and/or
phase modulation2–15, group delay control16–21, polariza-
tion manipulation22–29, power-dependent responses30–37,
and spatial light modulation38–41 have been demon-
strated. The response of an active metamaterial and a
suitable method to control that response are determined
based on a combination of the metamaterial’s unit struc-
ture and the active elements included in it. It will there-
fore be necessary to study active metamaterials in greater
depth to find unusual technologies to control electromag-
netic waves.
The storage of electromagnetic waves is one of the most
important topics in the active manipulation of electro-
magnetic waves. Electromagnetic wave storage has been
realized using electromagnetically induced transparency-
like metamaterials42,43. In these studies, varactor diodes
were used as the active elements, but it is difficult to use
varactor diodes as the active elements of metamaterials
in the higher frequency region. Electromagnetic wave
storage must be realized in all frequency regions because
this technology will be essential to enable electromag-
netic wave-based information processing. In this paper,
we present a proof-of-concept experiment for the stor-
age and release of electromagnetic waves using a meta-
material with semiconductor elements in the microwave
region. We use photocarrier excitation in the semicon-
ductors as an active factor for the metamaterials in this
study because it can be used to realize active metamate-
rials even in the optical region, as long as the semicon-
ductor bandgap energy is higher than the signal photon
energy. First, we evaluate the light-power dependences of
the transmittance and the transient time of a metamate-
rial with semiconductor elements. To date, the transient
responses of metamaterials with semiconductor elements
have been investigated in the case where the semicon-
ductors are illuminated by high-intensity short laser light
pulses 24,44,45. In contrast with these studies, we use a
laser diode (LD) as the light source and investigate the
dependence of the transient response of a metamaterial
loaded with a piece of silicon on the laser power and the
laser illumination duration. Based on the results of this
transient response evaluation, we propose and verify a
method to store and release electromagnetic waves using
a Fabry-Perot resonator that includes the metamaterial
as one of its mirrors and also evaluate the parameter
dependences of the electromagnetic wave storage and re-
lease properties.
II. TRANSIENT RESPONSE OF OPTICALLY
TUNABLE META-ATOM
We investigate the transient response of the meta-atom
shown in Fig. 1 to examine whether the storage and re-
lease of electromagnetic waves can be realized using op-
tically tunable metamaterials. The meta-atom is com-
posed of an electric inductor-capacitor (ELC) resonator
2le
g
w
ls
(a) (b)
Si
Cu
FR-4
FIG. 1. (a) Schematic of the meta-atom structure. A piece
of high-resistivity silicon is placed in the shaded region. (b)
Photograph of the fabricated meta-atom, where le = 13.6mm,
w = 1.5mm, g = 1.0mm, and ls = 6.0mm. The thicknesses
of the copper, the FR-4 substrate, and the silicon are 35µm,
1.6mm, and 350µm, respectively.
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FIG. 2. Schematic of the experimental setup. When the
transmission spectrum of the meta-atom was measured, the
two parts of the setup surrounded by the dashed lines were
replaced by the transmitting and receiving ports of a network
analyzer. A copper slit with slit width d was fabricated us-
ing printed circuit board technology and was used only in the
work described in Section III.
loaded with a piece of high-resistivity silicon (conductiv-
ity: < 10−2 S/m). This ELC resonator was fabricated
using printed circuit board technology and the high-
resistivity silicon piece was bonded to the ELC resonator
using double-sided conductive adhesive tape. When this
silicon piece is illuminated using light, the silicon’s con-
ductivity increases because of the photocarrier excita-
tion, which causes the quality factor of the ELC reso-
nance to decrease. To increase the effect of the variations
in the silicon conductivity on the ELC resonance, the
FR-4 substrate inside the ELC resonator was removed to
ensure that the nonradiative loss of the ELC resonator
was as small as possible.
Figure 2 shows a schematic diagram of the experimen-
tal setup used in this study. The meta-atom was placed
inside a rectangular waveguide with cross-sectional di-
mensions of 34.0mm× 72.1mm. An incident microwave
signal was then generated using a signal generator. This
incident microwave signal could be pulse-modulated us-
ing a switch that was controlled using a function gener-
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FIG. 3. (a) Measured dependence of the meta-atom’s trans-
mission spectrum on the continuous-wave laser power. (b)
Numerically calculated dependence of the meta-atom’s trans-
mission spectrum on the conductivity of the top layer of the
silicon.
ator. The transmitted wave was received by an ultra-
wideband dipole antenna46,47 that was placed at the end
of the waveguide. The received wave was then detected
using a microwave diode detector via a highpass filter
(passband: 2.9GHz to 8.7GHz) that eliminated the noise
from the LD driver. The detected signal was amplified
and then input into an oscilloscope to enable observa-
tion of the envelope of the transmitted microwave sig-
nal. The light used to illuminate the silicon was emit-
ted by an LD. The wavelength of this emitted light was
447nm. The laser light was then collimated and focused
on the silicon using lenses. The laser spot size at the
silicon surface was 2mm × 1mm. The LD drive current
could be pulse-modulated using the function generator
and was also monitored using the oscilloscope. The two
sections surrounded by the dashed lines in the diagram
were replaced by the transmitting and receiving ports of
a network analyzer when the transmission spectrum of
the meta-atom was to be measured. A copper slit with
slit width d inserted into the waveguide was only used in
the work described in Section III.
Figure 3(a) shows the measured transmission spectrum
of the meta-atom. A transmission dip caused by the res-
onance of the meta-atom is observed at 3.39GHz. In
this figure, the meta-atom transmission spectra obtained
when the silicon is illuminated by continuous-wave laser
light are also shown. As the laser power increases, the
resonance transmission dip becomes shallower because
of the increasing conductivity of the silicon. The reso-
3nance transmission dip disappears almost entirely when
the laser power exceeds 100mW.
To estimate the conductivity of the silicon under
continuous-wave laser illumination, we used COMSOL
Multiphysics software to calculate the transmission spec-
trum of the meta-atom placed in the waveguide while
varying the conductivity of the silicon. In the numerical
analysis, the conductivity σ of the top layer of the silicon
with a layer thickness of 1µm, which is the approximate
penetration depth of silicon for the wavelength of 447nm,
was assumed to be a uniform value for simplicity and was
varied to several values. The conductivity of the bottom
layer with a layer thickness of 349µm was assumed to
be 10−2 S/m. Because the laser spot size at the silicon
surface was 2mm × 1mm in the experiment, ls was set
to be 2.0mm in the simulation. The real part of the rel-
ative permittivity of the silicon piece was assumed to be
11.7 and the complex relative permittivity of the FR-4
substrate was assumed to be 4.5(1 + i0.02). The cop-
per was modeled as a perfect electric conductor with a
vanishing thickness. Figure 3(b) shows the transmission
spectra calculated for several values of σ. When the value
of σ is small, a transmission dip is observed at 3.54GHz,
which is close to the experimentally measured value. This
resonance transmission dip at 3.54GHz disappears when
σ > 2.3× 103 S/m and another transmission dip appears
in the lower frequency region when σ = 2.3 × 104 S/m.
This behavior can be understood as follows. The top
layer of the silicon piece behaves as a lossy medium for
small values of σ and thus the resonance transmission dip
becomes shallower as σ increases. When σ exceeds a spe-
cific value, the top layer of the silicon then behaves as a
conductor rather than a lossy medium, i.e., the capacitor
structure of the meta-atom changes, which causes a red
shift in the resonance frequency. In the experiment, at
the laser power of 100mW, the transmission dip observed
at 3.39GHz disappears and the other transmission dip in
the lower frequency region is not observed. Therefore, σ
for the laser power of 100mW can be estimated to be of
the order of 103 S/m.
Next, to evaluate the transient response of the meta-
atom, we measured the envelope of the transmitted wave
when the silicon was illuminated using pulse-modulated
laser light with a pulse width of 20µs, a risetime/falltime
of approximately 1 ns, and peak power of Ppeak. In
this experiment, a continuous microwave signal with a
frequency of 3.39GHz, which is the meta-atom’s reso-
nance frequency, was incident on the meta-atom. Fig-
ure 4(a) shows the measured envelope of the transmitted
microwave signal. The transmitted microwave power is
low during the laser’s off-state because the incident mi-
crowave frequency is equal to the resonance frequency of
the meta-atom. When the laser light starts to illumi-
nate the silicon at t = 0 s, the transmitted microwave
power increases rapidly and reaches a specific value be-
cause of photocarrier excitation in the silicon. After the
laser light is turned off again, the transmitted microwave
power then decreases gradually because of the relaxation
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FIG. 4. (a) Measured transient responses of the meta-atom
when the pulse-modulated laser illuminated the silicon during
the period from t = 0 s to 20µs for Ppeak = 100mW, 400mW,
and 1600mW. (b) Magnified section of (a) around t = 0 s.
of the excited carriers. Figure 4(b) shows a magnified
view of Fig. 4(a) around t = 0 s. The slope of the trans-
mitted microwave signal power is shown to increase with
increasing Ppeak.
To provide a better understanding of the observed re-
sults, we now analyze the carrier density in the silicon
using a rate equation. Assuming that the silicon can be
modeled as a two-level nondegenerate system, the rate
equation is written as
dN2
dt
= −AN2 + (N1 −N2)BW, (1)
where N1 (N2) is the electron density in the valence band
(conduction band), A (B) is the Einstein A coefficient (B
coefficient), and W is the energy density of the incident
laser light48. This equation can be solved with the initial
condition N2(0) = 0 and the solution is written as:
N2(t) =
NBW
A+ 2BW
{1− exp [−(A+ 2BW )t]} , (2)
where N = N1 + N2. If (A + 2BW )t ≪ 1 is satisfied,
then N2 can be approximated as
N2(t) ≈ NBWt. (3)
This equation shows that the electron density in the con-
duction band is proportional to the product of the laser
peak power and the laser illumination time. Assuming
that the condition (A + 2BW )t ≪ 1 is satisfied in the
region shown in Fig. 4(b), the values of Wt under the
4conditions where the transmittances have the same val-
ues should agree with each other within the region shown
in Fig. 4(b). To compare the results of this theoretical ap-
proach with the experimental results, we calculate the ra-
tio of theWt values for three different conditions with the
same transmittance values in Fig. 4(b). It takes 88.1 ns,
27.9 ns, and 5.2 ns to increase the transmittance to be
ten times that obtained without the laser illumination
for Ppeak = 100mW, 400mW, and 1600mW, respec-
tively. Therefore, the ratio of Wt for these three con-
ditions is 1.1:1.3:1.0. The Wt values roughly agree with
each other and thus it is confirmed both theoretically and
experimentally that the transient time immediately after
the laser illumination starts is inversely proportional to
Ppeak. We also analyze the carrier density in the re-
laxation process here. The value of W is equal to zero
during the laser off-state and thus the solution to Eq. (1)
is written as
N2(t+ 20µs) = N20 exp (−At) = N20 exp (−t/τ), (4)
where N20 is the carrier density in the conduction band
at t = 20µs and τ = 1/A is the carrier lifetime in sili-
con. We compare the result obtained using this equation
with the experimental result for Ppeak = 100mW. As
described above, the conductivity σ of the top layer of
the silicon for continuous-wave laser power of 100mW
is of the order of 103 S/m and σ without laser illumi-
nation is 10−2 S/m. It is found from Eq. (4) that the
time required to reduce σ from 103 S/m to 10−2 S/m is
−τ ln 10−5 = 11.5τ . The carrier lifetime in silicon is sev-
eral µs24, and the transmittance thus becomes equal to
that obtained without the photocarriers several tens of
µs after the laser is turned off. This theoretical result
agrees with the result shown in Fig. 4(a). Note that the
relaxation time increases in tandem with increasing Ppeak
because the value of N20 increases with Ppeak.
III. STORAGE AND RELEASE OF
ELECTROMAGNETIC WAVES USING A
FABRY-PEROT RESONATOR THAT INCLUDES
THE META-ATOM AS A MIRROR
It was found in the previous section that the trans-
mittance of the meta-atom at the resonance frequency
can be increased to ten times the value obtained with-
out laser illumination within several nanoseconds for a
peak laser power of the order of 1W, while the relaxation
process takes several tens of microseconds. Therefore, it
is difficult to use such a meta-atom to realize the idea
of storage of electromagnetic waves given in Ref.42. Al-
though it has been demonstrated in previous studies that
the relaxation time can be of the order of picoseconds if
Ge44 and GaAs45 are used rather than high-resistivity
Si, we propose a method for storage and release of elec-
tromagnetic waves that uses metamaterials with semi-
conductor elements with long carrier lifetimes, such as
high-resistivity Si. In our method, we use a Fabry-Perot
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FIG. 5. Transmission spectra of the Fabry-Perot resonator
for continuous-wave laser powers of 0mW (red curve) and
108mW (blue curve). The transmission spectrum of the
meta-atom without laser illumination is also shown as a
dashed curve.
resonator composed of a copper slit that acts as a front
mirror and a dynamically tunable meta-atom (or meta-
surface in the case of a freespace experiment) as shown
in Fig. 1 that acts as the rear mirror. Let us assume that
the resonance frequencies of the Fabry-Perot resonator
and the meta-atom are equal here. Then, when a mi-
crowave signal with a frequency that is equal to the reso-
nance frequency is incident on the Fabry-Perot resonator
without laser illumination, the microwave signal is stored
in the Fabry-Perot resonator because the meta-atom be-
haves like a mirror at the resonance frequency without
laser illumination. After the incident microwave signal
is turned off, the stored microwave signal remains in the
Fabry-Perot resonator for a while. By illuminating the
silicon with the laser light during this period, the stored
microwave signal can then be released from the Fabry-
Perot resonator. In this way, the storage and release of
microwaves can be realized using only the fast transient
response of the meta-atom immediately after the laser
light illumination starts.
As shown in Fig. 2, we fabricated a Fabry-Perot res-
onator with a cavity length of 1173mm that was com-
posed of a copper slit with d = 20mm and the meta-
atom. Figure 5 shows the measured transmission spec-
trum of this Fabry-Perot resonator. Several transmission
peaks caused by the Fabry-Perot resonance can be ob-
served. In this figure, the measured transmission spec-
trum of the meta-atom without laser illumination is also
shown. The results show that the Fabry-Perot resonance
and the resonance of the meta-atom occur simultaneously
at 3.39GHz. In addition, the transmittance of the Fabry-
Perot resonator at 3.39GHz is confirmed to be enhanced
by the laser illumination.
We examined the storage and release of microwave sig-
nals using the fabricated Fabry-Perot resonator. The
experimental procedure was as follows. First, a mi-
crowave signal with a frequency of 3.39GHz was incident
on the Fabry-Perot resonator. After the steady state was
reached, the incident microwave signal was turned off.
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FIG. 6. Envelope of the transmitted wave measured during the experimental storage and release of electromagnetic waves
using the Fabry-Perot resonator. td is varied from 0 s to 40 ns. The reflectance of the front mirror and the cavity length of the
Fabry-Perot resonator are (a) 0.89 and 1173mm, (b) 0.58 and 1173mm, and (c) 0.87 and 533mm, respectively. The vertical
dashed lines represent the time at which the laser light begins to illuminate the silicon. The blue dashed curves represent the
envelope of the transmitted wave without laser illumination.
The laser light with Ppeak = 1600mW and a pulse width
of 1µs began to illuminate the silicon at a time td after
the microwave signal was turned off.
Figure 6(a) shows the envelope of the transmitted mi-
crowave signal measured during the experimental storage
and release of the electromagnetic waves. The incident
microwave signal is turned on at t = −140 ns. The am-
plitude of the transmitted wave increases gradually and
reaches a constant value, which indicates that the system
has reached a steady state. After the incident microwave
signal is turned off at t = 0 s, the amplitude of the trans-
mitted wave decreases gradually, which indicates the de-
cay of the microwave signal stored in the Fabry-Perot
resonator. The laser light begins to illuminate the sil-
icon at t = td. The amplitude of the transmitted mi-
crowave signal increases rapidly and then decreases just
after t = td. This indicates that the microwave signal
that was stored in the Fabry-Perot resonator has been
released because of the increase in the transmittance of
the meta-atom caused by the laser illumination. The
6width (full width at half maximum) of the released pulse
is approximately 20 ns. The pulsewidth should be equal
to the round-trip time for microwave propagation in the
Fabry-Perot resonator if the transmittance of the meta-
atom increases instantaneously to unity on laser illumi-
nation. The group velocity in the waveguide is given by
vg = c0
√
1− (λ0/λc)2 [c0: speed of light in a vacuum;
λ0: wavelength of electromagnetic wave in a vacuum; λc:
cutoff wavelength (λc = 144.2mm in this experiment)]
49
and thus the one-way propagation time in the waveguide,
which has a length of 1173mm, is 4.95ns. A group delay
also occurs during the reflection at the front mirror and
the numerically calculated group delay of the front mirror
is 0.02ns. Therefore, the round-trip time for microwave
propagation in the Fabry-Perot resonator without the
meta-atom is 9.9 ns, which is shorter than the observed
pulsewidth. This is because, as indicated in Fig. 4(b),
the transmittance of the meta-atom increases to only ten
times the value obtained without laser illumination for
Ppeak = 1600mW and a laser illumination duration of
5.2 ns. In other words, the transmittance at 5.2 ns after
the laser illumination commences is only approximately
1/10 [as calculated based on Fig. 3(a)] to 1/100 (as calcu-
lated based on Fig. 5), and thus the width of the released
pulse becomes greater than the round-trip time for mi-
crowave propagation in the Fabry-Perot resonator. It is
also found from this discussion that the peak power of
the released microwave pulse increases with Ppeak in this
experimental condition.
Figure 6(a) also indicates that the peak power of the
released microwave pulse decreases with increasing td.
The measured peak power dependence on td with the
exponential fitting line exp (−td/τa) is shown in Fig. 7.
The peak power is normalized with respect to that for
td = 0 s. The measured data agree well with the line
fitted with the parameter τa = 12.5 ns. We discuss the
validity of the value of τa here by comparing τa with the
resonator lifetime that was calculated from the losses and
the propagation time in the Fabry-Perot resonator. The
losses in the Fabry-Perot resonator consist of propaga-
tion losses in the waveguide and reflection losses at the
mirrors. The transmittance of a waveguide with a length
of 1173mm at 3.39GHz was measured to be 0.76 and
the numerically calculated reflectance values of the cop-
per slit with d = 20mm and the meta-atom were 0.89
and 0.94, respectively. Therefore, the power of the mi-
crowave pulse becomes 0.48 times its original value after
the round-trip propagation in the Fabry-Perot resonator.
The numerically calculated group delay for the reflection
at the meta-atom is 0.17ns and the round-trip propaga-
tion time in the Fabry-Perot resonator is thus 10.1 ns.
The resonator lifetime estimated using these values is
−10.1 ns/ ln 0.48 = 13.8 ns, which shows approximate
agreement with the experimental value of τa = 12.5 ns.
It is thus confirmed by this result that the microwave
pulse observed in the experiment is derived from the mi-
crowave signal stored in the Fabry-Perot resonator. Note
that this short lifetime of the Fabry-Perot resonator is
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FIG. 7. Relationship between the peak power of the mi-
crowave pulse released from the Fabry-Perot resonator and
td. The peak power is normalized with respect to that for
td = 0 s. The red circles, green squares, and blue triangles
correspond to the conditions in Fig. 6(a), 6(b), and 6(c), re-
spectively. The dashed lines represent fits to the experimental
data and are given by exp (−td/τa,b,c), where τa = 12.5 ns,
τb = 8.6 ns, and τc = 10.0 ns.
mainly caused by the propagation loss in the waveguide.
Even if the reflectance of the mirrors in the Fabry-Perot
resonator is changed into unity, the calculated resonator
lifetime is only 18 ns. Reduction of the propagation loss
in the Fabry-Perot resonator is essential to increase the
storage time.
To evaluate the dependence of the properties of the
storage and release of electromagnetic waves on the re-
flectance of the front mirror, we replaced the copper
slit with another slit with d = 27mm, which has a nu-
merically calculated reflectance of 0.58 at 3.39GHz, and
performed the experimental storage and release of mi-
crowave signals again. The measured results are shown
in Fig. 6(b). In a manner similar to the case where
d = 20mm, it is observed that a microwave pulse is
released from the Fabry-Perot resonator after the laser
light illumination commences. In this case, the power
of the released pulse decreases sharply at t = td + 7ns
(which is defined as t1). This reduction is caused by
the low reflectance of the front mirror. Because the one-
way propagation time in the waveguide is 4.95ns and
the group delay that occurs in the reflection at the front
mirror with d = 27mm is 0.01 ns, the microwave signal
that is reflected once by the front mirror after commence-
ment of the laser illumination starts to be released at
t = td + 4.96 ns (which is defined as t
′
1); therefore, the
power of the released microwave pulse decreases around
this time. The discrepancy between t1 and t
′
1 may be
caused by the fact that the falltime of the oscilloscope
used in this experiment is approximately 2 ns. [Note
that this sharp reduction in the power of the released mi-
crowave pulse at t = t1 is hardly observed in Fig. 6(a) be-
cause the reflectance of the front mirror is relatively high.]
The relationship between the peak power of the released
microwave pulse and td for the case where d = 27mm
7is shown in Fig. 7. The measured data agree well with
the fitted line given by exp (−td/τb) with τb = 8.6 ns.
The round-trip propagation loss and propagation time
in the Fabry-Perot resonator are 0.69 = 1 − 0.31 and
10.1 ns, respectively, thus meaning that the theoretically
calculated resonator lifetime is −10.1 ns/ ln 0.31 = 8.6 ns.
This value agrees well with the experimentally obtained
result of τb = 8.6 ns.
When the cavity length was 1173mm and the re-
flectance of the front mirror was 0.89, the width of
the released microwave pulse was measured to be ap-
proximately 20 ns. Although the observed pulsewidth
was greater than the round-trip propagation time in the
Fabry-Perot resonator because the transmittance of the
meta-atom did not increase to unity on laser illumina-
tion, it is natural to consider that the pulsewidth may
be dependent on the cavity length. To investigate the
dependence of the width of the released microwave pulse
on the cavity length, we fabricated another Fabry-Perot
resonator with a cavity length of 533mm and performed
the experimental storage and release of microwaves again.
Because the resonance frequency of the Fabry-Perot res-
onator with this cavity length of 533mm was measured
to be 3.48GHz, we also fabricated another meta-atom
with le = 13.0mm, which had a measured resonance fre-
quency of 3.48GHz. The envelope of the transmitted
microwave signal for this condition is shown in Fig. 6(c).
In this experiment, we used a copper slit with d = 20mm
as the front mirror for the Fabry-Perot resonator. The
numerically calculated reflectance of this slit was 0.87 at
3.48GHz. The width of the microwave pulse released
from the Fabry-Perot resonator is approximately 17ns.
This pulsewidth is smaller than that in the case where
the cavity length is 1173mm and the reflectance of the
front mirror is 0.89. However, despite the fact that the
cavity length is approximately half of that under the pre-
vious condition, the ratio of the released pulsewidths is
greater than 0.5. This is because, as described above,
the transmittance of the meta-atom at t = td + 5.2 ns is
ten times the value obtained without laser illumination,
while the value of the transmittance at t = td + 5.2 ns is
only approximately 1/10 to 1/100. The transmittance of
the meta-atom within a period of 10 ns after the laser il-
lumination begins is much lower than unity, and thus the
stored microwave signal is not released instantaneously,
but it does leak from the Fabry-Perot resonator at a
faster rate than in the case without laser illumination.
This implies that the difference in the width of the re-
leased pulse in this experiment is caused by the differ-
ence in the Fabry-Perot resonator lifetime rather than
by the difference in the cavity length. In fact, the width
of the released microwave pulse under the condition in
Fig. 6(b) is narrower than that under the condition in
Fig. 6(c), despite the fact that the cavity length under
the condition in Fig. 6(b) is two times greater than that
under the condition in Fig. 6(c). If the transmittance of
the meta-atom increases to nearly unity within a period
of 1 ns after the laser illumination commences, the width
of the released microwave pulse would be solely depen-
dent on the cavity length. It is found from Fig. 4(a) that
when laser light with Ppeak = 1600mW illuminates the
silicon for 1µs, the transmittance of the meta-atom far
exceeds 100 times the value obtained without laser illu-
mination, i.e., the transmittance becomes approximately
1 to 1/10. The total energy of the laser light that il-
luminates the silicon during this time period is 1.6µJ
and it is thus roughly estimated that a short pulse laser
with a pulse energy of the order of 1µJ can cause a phe-
nomenon where a microwave pulse with a pulsewidth that
is equal to the round-trip propagation time in the Fabry-
Perot resonator is released. Note that although we used
an LD rather than a short pulse laser with such a high
peak power in this experiment, we successfully realized
storage and release of electromagnetic waves using the
Fabry-Perot resonator.
Finally, we discuss the peak power of the released mi-
crowave pulse. Assuming that the power of the released
microwave pulse reaches a maximum at t = tp, the ratio
of the peak power to the transmitted power without the
laser illumination at t = tp should be equal to the ratio
of the transmittances of the meta-atom with and with-
out the laser illumination at t = tp if tp is smaller than
the sum of td and the round-trip propagation time in the
Fabry-Perot resonator. However, tp is larger than the
sum of td and the round-trip propagation time in this
experiment because the laser power is not so high. In
this case, the ratio of the peak power to the transmitted
power without the laser illumination at t = tp becomes
smaller than the ratio of the transmittances with and
without the laser illumination because of the decrease in
the lifetime of the Fabry-Perot resonator caused by the
laser illumination. The power of the released microwave
signal depends on both the increase of the transmittance
of the meta-atom and the decrease in the electromagnetic
energy in the Fabry-Perot resonator that are caused by
the laser illumination. In such a condition, it is difficult
to quantitatively discuss the peak power of the released
pulse. Thus, we merely compare the ratio of the peak
power of the released pulse to the transmitted power
without the laser illumination at t = tp with the ratio
of the transmittances with and without the laser illumi-
nation at t = tp. Let us look into the case of td = 0 s.
In the case of Fig. 6(a) [Fig. 6(b)], the round-trip propa-
gation time in the Fabry-Perot resonator is 10.1 ns and
the ratio of the peak power of the released microwave
pulse to the transmitted power without the laser illumi-
nation at t = tp = 13.0 ns (14.5 ns) is 14 dB (12 dB). In
the case of Fig. 6(c), the round-trip propagation time is
4.6 ns and the ratio of the peak power to the transmitted
power without the laser illumination at t = tp = 6.5 ns is
6 dB. The ratio of the transmittance of the meta-atom
at 5.2 ns (15 ns) after commencing the laser illumination
to that obtained without the laser illumination is 10 dB
[17 dB (which is not shown in Fig. 4(b))]. Therefore, the
peak power of the released microwave pulse is confirmed
to be smaller than that estimated from the ratio of the
8transmittances of the meta-atom with and without the
laser illumination at t = tp when tp is larger than the
sum of td and the round-trip propagation time.
IV. CONCLUSION
We investigated the transient response of a meta-atom
composed of an ELC resonator that was loaded with a
piece of high-resistivity silicon when light emitted from
an LD illuminated the silicon. We also performed ex-
periments demonstrating the storage and release of mi-
crowaves using this meta-atom. The transient time when
the laser light begins to illuminate the silicon is inversely
proportional to the incident laser power. The trans-
mittance of the meta-atom at the resonance frequency
increases to ten times the value obtained without the
laser illumination at 5.2 ns after the laser light illumina-
tion commences for Ppeak = 1600mW; in contrast, the
transient time of the meta-atom after turning the exci-
tation laser off is dependent on the carrier lifetime of
the silicon and is of the order of 10µs. Based on the
results of evaluation of the transient response, we pro-
posed a method for storage and release of electromagnetic
waves (microwaves) using a Fabry-Perot resonator that
included the meta-atom as one of its mirrors. We con-
firmed that the microwaves stored in this Fabry-Perot
resonator could be released by illuminating the silicon
in the meta-atom with laser light emitted from an LD.
In this study, a Fabry-Perot resonator was used to re-
alize the storage and release of electromagnetic waves;
however, use of a Fabry-Perot resonator should not be
essential and is merely one of the possible solutions for
realization of the storage and release of electromagnetic
waves with an optically tunable meta-atom. Using this
study as a basis, it will be important to develop meth-
ods to achieve the storage and release of electromagnetic
waves using more compact systems with low losses, such
as a system composed of only one optically tunable meta-
surface with a high-Q resonant mode, in future stud-
ies. It should be noted that this experiment can also be
regarded as the compression of a continuous wave into
a pulse wave, i.e., power conversion of electromagnetic
waves.
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